The post-translational maturation of the attachment G glycoprotein of human respiratory syncytial virus (RSV) was investigated. The G protein formed homooligomers which sedimented in sucrose gradients at the same rate as the fusion F protein tetramer. Oligomerization of the G protein was insensitive to carbonylcyanide m-chlorophenylhydrazine, showing that this step occurs in the endoplasmic reticulum prior to Oglycosylation which initiated in the trans-Golgi compartment. The sedimentation of the G protein oligomer was essentially unchanged by the subsequent addition of O-linked sugars. This indicated that their contribution to the Mr of the G protein is less than that estimated by electrophoretic mobility. It also suggested that O-glycosylation is not an important determinant of G protein oligomerization and, by implication, of polypeptide folding. The G protein is palmitylated. In short labelling pulses, the G protein accumulated as two species of 48K and 50K which contained only N-linked sugars, whose difference in Mr was due solely to an N-linked sugar, which both assembled into oligomers, but which differed in the rate of subsequent O-glycosylation. The G protein was not detectably O-glycosylated in the presence of monensin, confirming previous work. In the presence of brefeldin A (BFA), it accumulated as a partially O-glycosylated species (BFA-G) of 68K to 78K. But further analysis by chase incubations following BFA-washout, by lectinbinding, and by glycosidase treatment suggested that BFA-G was not a fully authentic processing intermediate. In particular, some of the O-linked side-chains of the BFA-G protein were found to be sialylated. Rather than being a normal step in processing, this sialylation probably was due to altered distribution or activity of sialyltransferases during BFA treatment and may have resulted in the premature termination of elongation of some of the O-linked side-chains. Thus, these studies (i) indicate that O-glycosylation of the G protein begins in the trans-Golgi compartment and (ii) suggest that Oglycosylation is completed in as a subsequent compartment, but this latter suggestion is complicated by the evidence that the BFA-G protein is not a fully authentic intermediate. Finally, an additional species of 48K to 60K was detected under standard conditions of infection and was found to differ in several ways from the 48K and 50K precursors described above: it was detected only following long labelling periods, it was found in monomers rather than oligomers, and it contained a high content of O-linked sugars. Also, antibodies raised against a peptide from the G ectodomain reacted with the 48K, 50K and mature G proteins but did not react with the 48K to 60K species. This indicated that the latter contained differences in
Introduction
The processing of the attachment protein G of human respiratory syncytial virus (RSV) is of interest because of its unusual structural features (Wertz et al., 1985; Satake et al., 1985; Johnson et al., 1987; Collins, 1991) . The G t Permanent address: Department of Microbiology, CMU, University of Geneva, Geneva, Switzerland.
protein is much shorter than, and lacks demonstrable sequence relatedness with, the HN or H attachment glycoproteins of other paramyxoviruses. The only structural feature which G appears to share with these other proteins is its type II membrane orientation.
The G protein ectodomain has the unusual property of being relatively tolerant of amino acid substitutions, as quantified elsewhere (Johnson & Collins, 1989) . There is a single, short, highly-conserved region near the centre of 0001-0488 © 1992 SGM the ectodomain which was proposed to be part of a disulphide-linked structure important in receptor binding (Johnson et al., 1987) . The G ectodomain is rich in proline (13 ~, compared to an average of 5 ~) and serine and threonine residues (30~ combined, compared to an average of 13 ~) and does not contain cysteine residues apart from those flanking the conserved domain. The G protein also contains a substantial amount of O-linked sugars which, among non-segmented negative-strand viruses, have also been reported only in the filoviruses (Feldmann et al., 1991) . The ectodomain contains more than 70 serine residues as potential acceptor sites; their number and distribution suggests that the G protein might contain numerous side-chains scattered on either side of the conserved domain, and this model has some support from studies of truncated G proteins (Olmsted et al., 1989; Garcia-Barreno et al., 1990) . The unusual amino acid composition and glycosylation of the ectodomain suggests that it might have an extended nonglobular structure (Jentoft, 1990) .
The G glycoprotein is synthesized as a species of approximately 50K which contains N-linked sugars that are added co-translationally (Fernie et al., 1985 , Gruber & Levine, 1985a Wertz et al., 1989) . Subsequently, O-linked sugars are added post-translationaUy to yield a mature protein of 84K to 92K as estimated by gel electrophoresis (Fernie et al., 1985; Gruber & Levine, 1985a; Lambert, 1988; Satake et al., 1985; Wertz et al., 1985 Wertz et al., , 1989 . This dramatic change in Mr was suggestive of a high content of O-linked sugar, but electrophoretic mobility can be unreliable for estimating the Mr of O-linked sugar and the actual amount in the G protein remains to be determined directly. The intracellular compartment(s) and steps involved in O-glycosylation remained to be defined. Approximately one in six molecules of intracellular G protein is cleaved co-or post-translationally at amino acid sequence position 65 or 74 by a signalase-like activity, which releases the ectodomain from the membrane anchor and generates a secreted form (Hendricks et al., 1988) .
The work described here characterized the oligomerization and post-translational covalent modifications of the G protein with the use of three inhibitors of exocytosis: (i) carbonylcyanide m-chlorophenylhydrazine (CCCP), which uncouples oxidative phosphorylation and inhibits protein transit from the endoplasmic reticulum (ER) (Copeland et al., 1988) , (ii) monensin, which inhibits transport between the medial and transcisternae of the Golgi complex ) and (iii) brefeldin A (BFA), a fungal fatty acid derivative which blocks vesicular transport from the ER and causes the retrograde collapse of the Golgi complex into the ER or an intermediary ER-Golgi compartment (LippincottSchwartz et al., 1989 (LippincottSchwartz et al., , 1990 Doms et al., 1989; Chege & Pfeffer, 1990; and references therein) . BFA has been reported to cause the redistribution to the ER of enzymes of the cis-, medial-and at least some of the trans-Golgi cisternae, but not of the more distal trans-Golgi network (TGN) (Griffiths & Simons, 1986; Lippincott-Schwartz et al., 1989; Doms et al., 1989; Chege & Pfeffer, 1990) . The redistributed enzymes were found to process ERimmobilized proteins efficiently, and so BFA has the effect of blocking processing at a step which probably corresponds to an organizational division between cisternae of the trans-Golgi compartment or between the trans-Golgi compartment and the TGN [Chege & Pfeffer, 1990 ; also, for reviews of protein maturation and trafficking and the organization of the exocytic pathway, see Griffiths & Simons (1986) , Rose & Doms (1988) and ].
Methods
Cells and virus. RSV strain A2 was plaque-purified three times and amplified three times in monolayer cultures of HEp-2 cells to prepare virus stocks.
Peptides and antisera. Antisera were prepared against synthetic peptides G-NT, containing the N-terminal 12 amino acids of the G protein cytoplasmic tail (Satake et al., 1985; Wertz et al., 1985) , peptide F-CT containing the C-terminal 13 amino acids of the F protein cytoplasmic tail (Collins & Mottet, 1991 a) and the previously described (Norrby et al., 1987) Protein radiolabelling. HEp-2 cell monolayers were infected with RSV at a multiplicity of 1 to 5, incubated for 16 to 20 h and labelled with 100 to 400 ~tCi per ml of[3sS]methionine for the times indicated in the figure legends. Post-labelling chases were in the presence of 2 mMnon-radioactive methionine and, in some cases (with no difference in results), 100 ~tg cycloheximide per ml. Cells were washed three times in cold PBS and lysed in radioimmunoprecipitation (RIPA) buffer (1 ml per 25 cm 2 flask) consisting of 20 mM-Tris-HC1 pH 7.5, 150 mM-NaC1, 5 mM-EDTA, 1 ~ Triton X-t00, 0-5 ~ (w/v) sodium deoxycholate, 0.1 (w/v) SDS and 0.1 mg/ml each of leupeptin and aprotinin. For the experiment shown in Fig. 4 , the RIPA buffer did not contain SDS and sodium deoxycholate, and for the sucrose sedimentation studies ( Fig. 5  and 8 ), it did not contain EDTA, deoxycholate and SDS, the Tris-HC1 was replaced by 50 m ra-2-MES pH 5.8 (Fig. 5 ) or 6.5 (Fig. 8 ) at 4 °C, and 20 m M-iodoacetamide was added.
Immunoprecipitation and gel electrophoresis. One-hundred microlitres of clarified cell lysate or 250 to 500 ~tl of individual fractions from sucrose gradients were combined with 10 ~tl of antiserum and incubated for 4 to 20 h at 4 °C. Antibody-antigen complexes were collected with Staphylococcus aureus Protein A bound to Sepharose beads (Pharmacia or Calbiochem), washed three times in RIPA buffer lacking protease inhibitors, and solubilized by boiling for 2 min in standard SDS-PAGE sample buffer with or without 5~ (v/v) 2-mercaptoethanol as reducing agent. The samples were electrophoresed on 8, 10 or 17~ Tris-glycine-SDS polyacrylamide gels, as indicated, containing an 80 : 1 acrylamide-bisacrylamide ratio, and the gels were processed by fluorography.
Metabolic inhibitors. CCCP (Sigma) was prepared freshly as a 10 mg/ml stock in ethanol. RSV-infected cells were labelled for 5 min, and complete medium containing 50 ~tg/ml CCCP and 2 mMmethionine was then added immediately as a wash and chase medium for 1 h. Monensin (Calbiochem) was prepared as a 10 mM stock in ethanol and used at 20 I~M; preliminary experiments showed that concentrations of 5 to 25 rtM provided similar results. BFA, a generous gift from Jonathan Yewdell (Laboratory of Viral Diseases, N/AID, NIH), was prepared as a 5 mg/ml stock in methanol and used at 5 ktg/ml. Unless otherwise mentioned, monensin or BFA was added 45 min prior to labelling, and the drugs were maintained during labelling and chase incubations.
Sucrose gradient sedimentation. One-hundred to 400 ~tl of cell lysate was overlaid onto linear 5~ to 20% (w/v) sucrose gradients prepared from sucrose solutions in 50 mM-MES pH 5-8 containing 100 mM-NaC1 and 0.1 ~ Triton X-100 (Doms et at., 1989; Collins & Mottet, 1991 b) . In Fig. 8 (a) the buffers were at pH 6-5 rather than pH 5.8. The gradients were centrifuged in an SW41 rotor at 38000 r.p.m, for 20 h at 4 °C. Gradients were harvested into 1 ml fractions from the bottom using a Beckman collector. The bottom of each tube was then resealed with Parafilm and washed with RIPA buffer to resuspend any proteins which might have pelleted. These bottom fractions were analysed either directly or following immunoprecipitation but are not shown, except for the experiment in Fig. 8 , because they contained little or no glycoprotein. Gradient fractions were adjusted to pH 7-5 prior to immunoprecipitation.
Lectin-binding studies. The following lectins bound to agarose beads (Sigma) were used: Helix pomatia and Vicia villosa B4 lectins, which bind unsubstituted N-acetyl galactosamine (GalNAc); Arachis hypogaea lectin, which binds galactose (1-3)-N-acetyl galactosamine (GalGalNAc) when not substituted by sialic acid, and Lens culinaris lectin, which binds alpha mannosyl residues (Hammarstrom & Kabat, 1971 ; Lotan et at., 1975; Tollefsen & Kornfeld, 1983; Lundstrum et al., 1987a, b; Feldmann et al., 1991) . Cell lysates in RIPA buffer were mixed for 1 h at 4 °C with a one-tenth volume of lectin-agarose beads, washed four times in RIPA buffer, and heated at 95 °C for 5 rain to dissociate the bound glycoprotein. Eluted proteins were recovered in RIPA buffer and were immunoprecipitated. In one experiment ( Fig.  7 d and e), the immunoprocipitation step was performed first and the proteins were released by boiling in citrate buffer (see below), treated with endoglycosidase H (endo H) (Spriggs & Collins, 1990) , diluted in RIPA buffer and analysed by lcetin binding.
Neuraminidase and endo H or F treatments.
Immunoprecipitated proteins were eluted from the Protein A beads by boiling for 5 rnin in 0.1 M-citrate, pH 5-0 containing 0.2~ SDS, and were diluted in an equal volume of 0-1 M-citrate, pH 5-0, containing 200 ~tg per ml each of aprotinin and leupeptin, 10 mu-CaC12 in the case of neuraminidase, and 1.66 units (U) per ml of Clostridium perfringens neuraminidase (Sigma) or 0-1 mU/ml endo H (Calbiochem) or 0.05 mU/ml endo F (Calbiochem).
In vitro translation. A eDNA clone of the G mRNA cloned in the BamHI site of plasmid pGem3 (Promega) was linearized and used as a template to synthesize capped mRNA in vitro with T7 phage polymerase in the presence of GpppG. mRNA was translated in reticulocyte lysates (Promega) with [35S]methionine and, where indicated, dog pancreatic membranes (Promega) following the supplier's protocols (Spriggs & Collins, 1990) .
Results

Intermediates in the maturation of the G glycoprotein
RSV-infected cells were labelled for 5 rain with [35S]methionine followed by chase incubations of 5 to 60 min. Lysates were prepared and analysed by immunoprecipitation with an antiserum against peptide G-NT, which represents part of the cytoplasmic tail of the G protein (Fig. 1) . Intracellular G protein was first detected as a pair of bands of 48K and 50K. The presence of two or more processing intermediates in this size range had been noted in some studies (Fernie et al., 1985; Wertz et al., 1989) but the variability was unexplained. During the chase, the 48K species disappeared coincidently with the appearance of the mature 92K G protein, suggestive of a precursor-product relationship. The 50K form diminished much more slowly, suggesting that it was processed less efficiently. An alternative possibility is that the 48K species was processed into the 50K form, some of which was processed rapidly into the O-glycosylated form.
Comparison of G protein synthesized in vitro and intracellularly
To investigate the differences between the 48K and 50K forms of the G protein, proteins synthesized during short labelling pulses in the presence or absence of tunicamycin were compared to G protein synthesized in vitro in a rabbit reticulocyte lysate. As described previously (Collins et al., 1984) , synthesis of the G protein in vitro yields two major products of 33K and 36K (Fig. 2 , bands lettered A and B respectively; in these particular experiments, the 33K species was the more abundant). Both species reacted with antiserum against peptide G-154/168 from the G ectodomain (Fig. 2 , lane 2), but only the 36K species reacted with antiserum against peptide G-NT representing the N terminus (lane 4). This observation, together with the difference of approximately 3K between the two species, suggested that the 33K form might be generated by internal translational initiation at the second methionyl codon in the sequence at amino acid position 48. This probably is strictly an artefact of in vitro translation, since the 33K species has never been detected in infected cells. The 36K in vitro form comigrated with unglycosylated G protein synthesized intracellularly in a short labelling pulse in the presence of tunicamycin (Fig. 2 , compare lanes 12 and 13), confirming that it represents the fulllength unglycosylated species and confirming that G protein labelled intracellularly in short pulses contains only N-linked carbohydrate.
Synthesis of the G protein in vitro in the presence of dog pancreatic membrane vesicles competent for transmembrane insertion and N-glycosylation gave rise to a P. L. Collins and G. Mottet ladder of three or four bands which were reactive with antiserum to peptide G-NT (Fig. 2, lane 6) . The interval of spacing between the larger of these species was approximately 2K to 2-25K, suggesting that the incremental increases were due to single-chain increases in the number of N-linked oligosaccharides. When synthesized in parallel (not shown), the HN protein of human parainfluenza virus type 3 was glycosylated into a single species which comigrated with the authentic protein (Spriggs & Collins, 1990) glycosylation of the G protein was characteristic of that molecule rather than due to a deficiency of the in vitro system. The two major, largest in vitro glycosylated species (labelled C and D in Fig. 2 ) comigrated with the 48K and 50K intracellular species respectively (lanes 7 and 8), suggesting that the intracellular species differed by a single N-linked side-chain. The observation that the 48K and 50K forms were each reactive with a n t i -G -N T serum (lane 7) ruled out the alternative possibilities that internal translational initiation or the endoproteolytic cleavage described by Hendricks et al. (1988) could account for the two forms. Also, the idea that the difference between these species was due solely to Nglycans was supported by the observations that endo H treatment reduced the two species to a single unglycosy- 
Palmitylation o f the G protein
The predicted sequence for the G protein (of both antigenic subgroups A and B) contains a cysteine residue at the m e m b r a n e face of the cytoplasmic tail which might serve as acceptor sites for palmitylation (Sefton & Buss, 1987) . Recently the F protein was shown to incorporate palmitate at a similarly located cysteine residue ( A r u m u g h a m et al., 1989b). As shown in Fig. 3 [3H]palmitate into the F protein was not blocked by monensin or BFA, consistent with previous evidence that fatty acid acylation usually occurs in the ER or early Golgi compartments (Berger & Schmidt, 1985; . The time course of G protein palmitylation could not be determined due to insufficient labelling during short pulses, and it is not known whether both the 48K and 50K species are palmitylated.
Altered O-glycosylation of the G protein in the presence of BFA
RSV-infected cells were labelled for 5 rain with [35S]methionine followed by a 1 h chase in the presence of excess unlabelled methionine with CCCP, which was added immediately following the labelling pulse, or monensin or BFA, which were present during the 45 min period prior to labelling. Cells were lysed and analysed by immunoprecipitation with antiserum to peptide G-NT (Fig. 4) . G protein synthesized in the presence of monensin or with the addition of CCCP following the labelling pulse accumulated as the N-glycosylated 48K to 50K species. When the monensin or CCCP treatments were performed with the addition of tunicamycin (not shown), G protein accumulated as the unglycosylated 36K form which, as was shown in Fig. 2 , comigrated with the fulllength unprocessed form synthesized in vitro. This showed that O-glycosylation of the G protein does not occur in the ER or cis or medial compartments of the Golgi complex. In contrast, in the presence of BFA, G protein accumulated as a heterogeneous smear of Mr 68K to 78K (BFA-G protein), indicating that O-glycosylation occurred in the presence of BFA but was incomplete. G. This indicated that O-glycosylation of the G protein begins in the trans compartment of the Golgi complex. The N-glycans of the BFA-G protein were sensitive to endo H (not shown), whereas those of the mature G protein were resistant (not shown, Fernie et al., 1985) .
Gso-~" G48-
The immunoprecipitations of G protein from lysates of cells treated with CCCP, monensin and BFA also contained contaminating Fo protein (Fig. 4) , and similar results were obtained with tunicamycin (not shown). This coprecipitation was observed only when the R I P A buffer did not contain SDS and sodium deoxycholate and usually was not seen with extracts from RSV-infected cells that did not receive drugs. This suggested that the coprecipitation of F0 resulted from artefactual aggregation intracellularly during arrested exocytosis or in solution following lysis. Similar artefactual coprecipitation of viral glycoproteins from cells in which processing has been perturbed has been observed previously (Vidal et al., 1989) . Arumugham et al. (1989a) previously detected small quantities of disulphide-linked F and G protein isolated from infected cells, but the coprecipitation seen in the present paper probably does not P. L. Collins and G. Mottet represent a similar phenomenon since it was dependent on drug treatment and was mostly abated by treatment with SDS.
Homo-oligomerization of the G protein
RSV-infected cells were labelled for 5 min with [35S]methionine followed by a 1 h non-radioactive chase with CCCP, monensin or BFA used as described in the legend to Fig. 1 . In addition, a second set of RSVinfected cells was labelled for 5 min followed by chase incubations of 5 to 60 min. Cells were lysed and analysed by sedimentation on sucrose gradients in the presence of Triton X-100 [ Fig. 5 ; results with the inhibitors of exocytosis are shown in (a) and the pulse-chase is shown in (b)]. In initial control experiments, lysis and analysis were performed at pH 6.5, 7-0 or 7-5 and yielded similar results (not shown). When the total protein profile across the fractionated gradients was analysed by SDS-PAGE directly without immunoprecipitation (not shown), most intracellular proteins were present as monomeric species which separated according to size in fractions 9 to 11 (fraction 1 represents the bottom of the gradient and fraction 12 the top). Under these conditions, the fusion F protein tetramer sedimented with a peak in fraction 4 (Collins & Mottet, 1991a) .
The peak of mature G protein determined by immunoprecipitation with antipeptide G-NT serum was in fraction 2 (Fig. 5 a) to fraction 6 ( Fig. 5 b) ; the mature G protein often had a broad trailing edge extending into the higher gradient fractions, suggestive of instability of its oligomers during extraction and analysis. G protein which was isolated from CCCP-or monensin-treated cells and contained only N-linked sugars, or which was isolated from BFA-treated cells and contained an incomplete amount of O-linked sugars, cosedimented with mature G protein (Fig. 5 a) . Thus, the additon of Olinked sugars did not greatly change its sedimentation. In pulse-chase experiments (Fig. 5b) , both the G48 and G50 precursor species were contained predominantly in the oligomeric fraction, indicating that both species were efficiently incorporated into oligomers. Consistent with the pulse-chase experiment in Fig. 1 , the 48K species was processed more efficiently during chase incubations, leaving the 50K form as the predominant species. The sedimentation rate of the 48K, 50K and mature G protein were not markedly different, confirming the results obtained with inhibitors of exocytosis.
G protein synthesized in the presence of BFA contains sialic acid and cannot be chased into the mature form following the removal of BFA
As part of its characterization, BFA-G protein was tested for the presence of sialic acid by treatment with neuraminidase followed by SDS-PAGE (Fig. 6) . Neuraminidase treatment converted mature G protein into a somewhat more diffuse form with a slight increase in the apparent Mr (Fig. 6 a) . Desialylation of glycoproteins can result in either a decrease (Doms et al., 1989) or increase (Segrest & Jackson, 1972) in electrophoretic mobility. Presumably, this reflects an interplay between effects on shape versus charge: the removal of sialic acid would facilitate molecular sieving, whereas the loss of its negative charge would reduce the negative charge of the protein unless compensated by increased binding of SDS.
The Mr of BFA-G protein was reduced substantially by neuraminidase treatment (Fig. 6a) , in contrast to the slight increase in Mr observed with mature G. It is possible that this reflects a greater content of sialic acid for BFA-G, which also was suggested by lectin-binding studies described later. The presence of sialic acid on BFA-G protein was somewhat unexpected, since sialyltransferase usually is not redistributed during BFA treatment (see Discussion). In the present study, this was not simply an artefact of excessive BFA treatment, since a similar extent of sialylation was obtained in experiments in which the total time of pretreatment and labelling was only 20 min (not shown).
It was of interest to determine whether BFA-G could be processed into mature G protein following removal of BFA. Previous studies showed that the exocytic pathway rapidly reassumes many normal features of morphology and processing following BFA washout (Doms et al., 1989; . Following the removal of BFA, BFA-G protein increased in Mr but remained 6K to 10K smaller than the mature protein (Fig. 6a) . Furthermore, the protein retained its high level of sensitivity to neuraminidase (Fig. 6a) . In the same experiment, the endoproteolytic cleavage of F0 was blocked in the presence of BFA as noted previously (Collins & Mottet, 1991 a) , but cleavage occurred following removal of the BFA (Fig. 6b) .
Lectin-binding of mature G protein and BFA-G protein
BFA-G protein was compared to mature G protein by binding to lectins specific for free terminal sugars which are characteristic of O-linked sugars: V. villosa B4 lectin or H. pomatia lectin, which bind unsubstituted GalNAc, or A. hypogaea (peanut agglutinin) lectin, which binds GaI-GalNAc which is not substituted by terminal sialic acid. In addition, binding to L. culinaris (lentil) lectin, specific for alphamannosides, was analysed in parallel.
Mature G protein bound to each of the four lectins (Fig. 7a, Table 1 , and results not shown) and the lectins specific to O-linked sugars did not bind to the F protein (Fig. 7f) . This was consistent with the expected 
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,| (lanes V) V. villosa (specificity, free GalNAc), (lanes A) A. hypogaea (free GaI-GalNAc), (lanes H) H. pomatia (free GalNAc), or lanes L) L. culinaris (alpha-mannosyl residues). In some cases (lanes T), an aliquot was processed in parallel omitting the lectin-binding selection step to show the total sample. RSV-infected cells were labelled with [3sS]methionine for 45 min followed by a 15 min chase; additional experimental details were as follows. (a and f) Radiolabelling was in the absence of drugs, cell lysates were reacted with the indicated lectins, the bound proteins were eluted, and G (a) or F (/") protein was recovered by immunoprecipitation; (b and c) labelling was in the presence of tunicamycin (b) tunicamycin and BFA (c), lysates were reacted with the indicated lectins, bound proteins were eluted, and G protein was recovered by immunoprecipitation; (d and e) labelling was in the absence of drugs (d) or presence of BFA (e), and G protein was immunoprecipitated from cell lysates, treated with endo H and neuraminidase, reacted with the indicated lectins, and the bound G protein was eluted. In (e), the N-linked side-chains of BFA-G were removed by endo H as evidence by the lack of binding in lane L, confirming that the binding pattern was due to O-linked sugars. The N-linked chains in mature G analysed in parallel (d) were not endo H-sensitive, consistent with previous findings (Fernie et al., 1985) . Immunoprecipitations were with a mixture of antisera to peptides G-NT and G-154/168 (a to e) or antiserum to peptide F-CT 0% Proteins were analysed on I 0~ gels. P. L. Collins and G. Mottet specificities. Unexpectedly, the lectins specific for Olinked sugars appeared to separate mature G protein into two populations which differed slightly in Mr: the fraction that was bound by the Vicia or Helix lectins (free GalNAc) migrated somewhat more rapidly than that which was bound by the Arachis lectin (free GalGalNAc). The same pattern was obtained by lectinbinding and SDS-PAGE of virion-associated G protein (see Fig. 8b , below), eliminating the trivial possibility that the heterogeneity was due to the presence of incompletely processed intracellular species. This heterogeneity also was observed for G protein synthesized in the presence of tunicamycin (Fig. 7 b) indicating that the effect was associated with O-linked sugars. The difference in Mr disappeared upon treatment with neuraminidase (Fig. 7d) . In comparison, G protein from cells treated with both BFA and tunicamycin bound to the Vicia and Helix lectins but not to the Arachis lectin (Fig. 7c, Table 1 ). This showed that BFA-G contained chains with free GalNAc but not free Gal-GalNAc. But BFA-G gained the ability to be bound by the Arachis lectin upon treatment with neuraminidase (e). This indicated that the BFA-G protein indeed contained chains which terminated with GaI-GalNAc residues, but that all of these were substituted with sialic acid. This is in contrast to mature G protein, in which a substantial fraction of the Gal-GalNAc residues were available for binding (a and b) and hence unsubstituted.
Identification of an additional, 48K to 60K form of the G protein
When G protein was labelled with [3H]glucosamine during a longer period of incubation (5 h), an additional species of 48K to 60K was detected (Fig. 8a) . This species labelled poorly with [3SS]methionine but labelled well in parallel with [3H]glucosamine, indicating that it was a relatively non-abundant species with a high sugar content (Fig. 8 a) . The 48K to 60K species migrated more slowly than did the 48K and 50K precursors, indicating that these species are distinct (Fig. 8a) .
The accumulation of the 48K to 60K species was blocked by monensin (Fig. 8 a) , showing that it was the product of processing in cisternae distal to the medial Golgi. This was also indicated by the finding that the Nlinked sugars of the 48K to 60K species were resistant to endo H (in contrast to those of 48K, 50K and BFA-G, which were sensitive) whereas they were cleaved by endo F (not shown). Most of the [3H]glucosamine labelling was insensitive to endo F, which suggested that it was of the O-linked variety. This also would be consistent with the observation that the incorporation of most of the [3H]glucosamine was sensitive to monensin (Fig. 8a) . The 48K to 60K species bound to the Arachis lectin, showing that it contained free GaI-GalNAc residues and confirming the presence of O-linked sugars ( Fig. 8b ; Table 1 ). However, it did not bind to the Vicia or Helix lectins, indicating that it differed from mature G protein (and BFA-G) in lacking free GalNAc ( Fig. 8b ; Table 1 ).
The 48K to 60K species was immunoprecipitable with antipeptide G-NT antiserum (Fig. 8 c) , indicating that its difference in size and processing were not due to possible cleavage of the membrane anchor. Unexpectedly, however, it was not significantly immunoprecipitated with antibodies against peptide G-154/168 representing part of the ectodomain (Fig. 8c) , whereas 48K, 50K and mature G protein were immunoprecipitated. Presumably, the sequence recognized by this antipeptide serum was masked in the 48K to 60K species but not in the others, suggestive of differences in conformation, O-glycosylation, or both.
G protein synthesized during the longer, 5 h labelling period was analysed by sucrose sedimentation (Fig. 8d) . 5) ; A. hypogaea, specificity free GaI-GalNAc (lanes 2 and 6); H. pomatia, specificity free GalNAc (lanes 3 and 7) . The bound glycoproteins were released by boiling and recovered by immunoprecipitation by a mixture of antiserum against peptides G-NT and G-154/168 in parallel with an aliquot of the original lysate (lanes 4 and 8) and analysed by SDS-PAGE on a 10% gel. (c) Differences between mature G protein and the 48K to 60K species in reactivity with antiserum against peptide G 154/168. Uninfected (lanes 1 and 2) or RSV-infected cells (lanes 3 and 4) were labelled with [3H]glucosamine as described for (a) and lysates were prepared and analysed by immunoprecipitation with antiserum against peptide G-154/168 (lanes 1 and 3) or peptide G-NT (lanes 2 and 4). SDS-PAGE was on a 10~ gel. Mr markers ( × 10 -3) are shown in the lane on the right. (d) Sucrose gradient analysis. RSV-infected cells were labelled with [3H]glucosamine as described in (a) and lysates were prepared and subjected to sedimentation on a sucrose gradient. The gradient was harvested into 12 fractions which were analysed directly by SDS-PAGE on a 17% gel; under these conditions the G protein is the major labelled species, and the same pattern of labelled species was obtained when duplicate aliquots were immunoprecipitated with G-specific antibodies prior to SDS-PAGE (not shown). The gradient fractions 1 (representing the bottom of the gradient) to 11 are marked; fraction 12 was not included on the gel; fraction p represents the resuspended pellet.
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As noted above (Fig. 5) , the oligomer of mature G protein migrated as a broad, somewhat heterogeneous peak through fractions 3 to 7 ( Fig. 5; Fig. 8d ) in contrast to the more compact sedimentation profiles of oligomers of immature forms (Fig. 5) . In addition, a substantial amount of mature G protein labelled in the longer incubation period was detected in the pellet fraction (Fig. 8d) . One possibility is that mature G protein aggregated at the cell surface. In contrast to 48K, 50K and mature G protein, the 48K to 60K species sedimented in the monomeric region (fraction 10) of the gradient (Fig. 8d) . In some experiments, this latter species was present in both the monomeric and oligomeric regions (not shown), which might mean that it actually is contained in oligomers but that these are of reduced stability and were sensitive to dissociation upon analysis. The 48K to 60K species was not detected in virions (Fig. 8b ) or in the medium overlying infected cells under conditions where the previously described (Hendricks et al., 1988) 82K secreted form without an anchor was readily detected (not shown).
Discussion
The post-translational maturation of the G protein of RSV was examined with regard to homo-oligomerization and covalent modifications using pulse-labelling and three inhibitors of exocytosis, CCCP, monensin and BFA, which block the post-translational processing of glycoproteins at progressively later stages (see Introduction).
Following short labelling periods, G protein was present as two species of 48K and 50K. The 48K species appeared to be rapidly processed whereas the 50K species was more stable. Similar observations were made recently for G protein synthesized in CHO cells (Wertz et al., 1989) , indicating that these are not cell-specific artefacts. These two forms did not contain O-linked sugars; this was indicated in previous work by the observation that proteins of this approximate size were synthesized in a mutant cell line under conditions where O-glycosylation was blocked (Wertz et al., 1989) and was confirmed here by the observations that (i) the 48K and 50K intracellular species comigrated with N-glycosylated G protein synthesized in vitro and (ii) removal of N-linked sugars from the intracellular precursors resulted in comigration with the unglycosylated form synthesized in vitro (Fig. 2) .
This comparison also showed that the difference in the electrophoretic mobilities of the 48K and 50K species was due to N-linked carbohydrates rather than, for example, differences in palmitate or amino acid chain length. G protein synthesized in vitro under conditions for N-glycosylation formed a ladder of bands which appeared to differ by single N-sugar chain increments. The 48K and 50K precursors comigrated with the two largest N-glycosylated in vitro species, suggesting that they differed by a single N-linked side-chain (Fig. 2) . Both species were present in oligomers (Fig. 5) , indicating that oligomerization was not a factor in the lower rate of subsequent O-glycosylation of the 50K form. We assume that both precursors are processed into O-glycosylated G protein, which would mean that mature G protein is a mixture of species with different numbers of N-linked side-chains. But we cannot rule out the alternative possibility that 48K is converted into 50K by post-translational N-glycosylation and that the latter is the sole substrate for O-glycosylation.
In the presence of BFA, the G protein accumulated as a 68K to 78K, partially O-glycosylated species. BFA treatment results in the redistribution to the ER of the cis and medial Golgi compartments as well as of at least some cisternae of the trans-Golgi compartment, whereas the TGN is though to remain undisturbed (Doms et al., 1989; Lippincott-Schwartz et al., 1989; Chege & Pfeffer, 1990) . The partial sensitivity of O-glycosylation to BFA, in contrast to its complete sensitivity to monensin, indicates that O-glycosylation of the G protein initiates in the trans-Golgi compartment. As noted elsewhere (Tooze et al., 1988; Collins, 1990 ; and references therein), the intracellular compartment(s) in which Olinked sugars are added can vary in a protein-specific and cell-specific fashion; for some proteins O-glycosylation has been reported to begin in pre-Golgi or earlyGolgi compartments whereas other proteins resemble the G protein in being O-glycosylated in more distal compartment(s) of the exocytic pathway.
The BFA-G protein might represent an intermediary form in O-glycosylation. However, BFA-G could not be chased into mature G protein following removal of the BFA: BFA-G increased in Mr but did not become equivalent to mature G (Fig. 6 ). This is not necessarily inconsistent with BFA-G being an authentic intermediate, because following BFA washout the BFA-G protein might pass through the exocytic pathway before the enzymes involved in O-glycosylation are fully restored (we previously showed that the G protein has a relatively rapid transit time from the ER to the cell surface of approximately 20 to 30 min (Collins & Mottet 1991a) .
However, neuraminidase treatment showed that the BFA-G protein contained a substantial content of sialic acid attached to its O-linked sugars. The nature of the sialylation of BFA-G differed from that of mature G protein in that it had a greater effect on electrophoretic mobility and in that all of the Gal-GalNAc residues of BFA-G, but not of mature G, were sialylated. These observations suggested that the amount of sialic acid of BFA-G exceeded that of mature G. Sialic acid is found at the termini of completed N-linked and O-linked sidechains and is not known to occupy internal positions of sugar chains or to be a temporary component of growing chains. Its premature addition to a growing chain presumably would block further elongation, and it also is possible that its addition could interfere with the elongation of nearby chains by steric or electrostatic effects. Thus, this raised the alternative possibility that BFA-G might be the product of aberrant rather than incomplete O-glycosylation.
We suggest that the BFA-G protein is a semi-authentic intermediate which contains two categories of O-linked side-chains. The first category are chains which are authentic intermediary O-sugars. These chains probably include those which contained terminal GalNAc residues. Upon removal of the BFA, these chains were elongated and completed as the protein was transported through more distal cisternae of the trans-Golgi compartment or TGN, resulting in the increase in the Mr which was observed during the post-washout chase (Fig. 6) . The other class of side-chains includes those which contained sialylated GaI-GalNAc. In this case, the sialic acid was added either prematurely or in excess or both. One possibility is that O-glycosyltransferases and sialyltransferase which normally occur in successive cisternae of the trans-Golgi region were mixed during BFA treatment. Alternatively, sialylation might normally be limited because of the rapid transport of the G protein and was excessive when the transferase was allowed to act on immobilized protein. In either case, we suggest that the presence of sialic acid prevented elongation and completion of this category of side-chains upon BFA-washout, with the result that BFA-G did not subsequently achieve the Mr of mature G.
The presence of sialic acid on BFA-G showed that sialyltransferase was redistributed during BFA treatment. Sialyltransferase is found in the distal cisternae of the trans-Golgi compartment or in the more-distal TGN and in most studies was not redistributed by BFA (Doms et al., 1989; Chege & Pfeffer, 1990) . However, in at least one other case incomplete, delayed sialylation of BFAarrested protein was noted, indicating that redistribution did occur (Ulmer & Palade, 1989) . The variability in the redistribution of sialyltransferases might reflect (i) cell type-specific variability in the distribution of sialyltransferases in the trans-Golgi cisternae or TGN or (ii) cell type-specific differences in the distal limit of redistribution of trans-Golgi cisternae, as suggested previously (Ulmer & Palade, 1989) .
It might have been speculated that the O-linked sugars would be important determinants of G protein structure, perhaps by creating and stabilizing extended, solventaccessible regions (Jentoft, 1990) . And if so, it might have been speculated that the folding and oligomerization of the G protein would be dependent on Oglycosylation. But oligomerization of G was unaffected by the addition of CCCP following a 5 min labelling pulse (Fig. 5) . This showed that oligomerization occurred in the ER, prior to the addition of O-linked sugars which starts in the trans-Golgi compartment. For proteins in general, folding occurs mainly in the ER and usually precedes or is closely linked with oligomerization (Rose & Doms, 1988) . Therefore, the observation that G oligomerization was independent of O-linked sugars implies that much of its folding also was independent of the sugars. One possibility is that O-linked sugars are added to a fully folded, fully assembled G protein oligomer, presumably at exposed surface sites. In this model, O-linked sugars would not be important in specifying protein conformation but might, for example, serve to confer stability to the already folded structure. However, in the absence of assays which directly monitored folding, we cannot rule out the alternative possibility that folding of the G protein initiates in the ER coincident with oligomerization, but is completed only later in the Golgi complex in a process driven by O-glycosylation.
G protein containing no O-linked sugars did not differ greatly in sedimentation rate from G protein containing a partial or complete complement of O-sugars (Fig. 5) . This suggests that the aggregate mass of added O-linked sugar is substantially less than that of the polypeptide backbone and N-linked carbohydrate combined. Previous estimates by SDS-PAGE suggested that more than one half of the Mr of the mature protein is contributed by O-linked sugars, but the large Mr might be an artefact of reduced SDS binding due to the O-linked sugars.
Following longer labelling periods, some of the fully mature G protein was present in a form which pelleted to the bottom of the gradient (Fig. 8d) . This was not observed for intracellular G protein isolated following short labelling pulses ( Fig. 5 ; and data not shown) or from cells treated with the inhibitors of exocytosis (Fig.  5) . One possibility is that mature G protein aggregates at the cell surface, perhaps in a fashion similar to that of mucins (Jentoft, 1990) .
A 48K to 60K form of the G protein was detected in longer labelling periods (Fig. 8) . This was found to be distinct from the 48K and 50K precursors in being detected late rather than early in labelling pulses, in containing a high content of carbohydrate including Olinked sugars, and in being detected in monomeric rather than oligomeric form. Labelling with methionine indicated that it was a relatively minor species, although its high carbohydrate content made it appear to be abundant when labelled with [3H]glucosamine. The P. L. Collins and G. Mottet addition of most of the carbohydrate of this species was sensitive to monensin and its N-linked side-chains were resistant to endo H, indicating that it was transported at least into the trans-Golgi compartment. This species differed from mature G protein in its lack of terminal GalNAc residues (Table 1 ). In addition, it was found that the 48K to 60K species did not react with an antipeptide serum which was raised against a sequence from the ectodomain and reacted with 48K, 50K and mature G protein. This was suggestive of a difference in conformation or glycosylation that masked this short peptide sequence in the ectodomain of the 48K to 60K species. The segment of the ectodomain represented by this peptide overlaps the N-terminal side of the cysteinerich conserved domain (Johnson et al., 1987) and contains a single potential site for O-glycosylation.
There have been numerous reports of heterodisperse G protein species of the same approximate Mr detected in long labelling periods using [3H]glucosamine or in immunoblots of infected cell proteins (for example, Routledge et al., 1986) . This material has been generally assumed to represent N-glycosylated precursors to the mature G protein. But the results described here suggested that this frequently reported 48K to 60K species is a dead-end processing product rather than an authentic processing intermediate.
